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Molecular biomarkers require the reproducible capture of disease-associated changes and are ideally sensitive, specific and accessible with minimal invasiveness to patients. Exosomes are a subtype of extracellular vesicles that have gained attention as potential biomarkers. They are released by all cell types and carry molecular cargo that reflects the functional state of the cells of origin. These characteristics make them an attractive means of measuring disease-related processes within the central nervous system (CNS), as they cross the blood–brain barrier (BBB) and can be captured in peripheral blood. In this review, we discuss recent progress made toward identifying blood-based protein and RNA biomarkers of several neurodegenerative diseases from circulating, CNS cell-derived exosomes. Given the lack of standardized methodology for exosome isolation and characterization, we discuss the challenges of capturing and quantifying the molecular content of exosome populations from blood for translation to clinical use.
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Introduction

Extracellular vesicles (EVs) are a diverse group of membranous structures, classified according to their biogenesis into several types: exosomes, derived from the endosomal compartment; microvesicles and ectosomes, formed by outward budding of the plasma membrane; apoptotic bodies, released from dying cells; oncosomes, originating from cancerous cells; and recently discovered migrasomes, vesicles produced during cell migration (Colombo et al., 2014; Thompson et al., 2016; Jeppesen et al., 2023; Zhang X. et al., 2023). Additionally, variants such as arrestin domain-containing protein 1-mediated (ARM) microvesicles and mitochondrial-derived EVs, as well as emerging non-vesicular extracellular nanoparticles (NVEPs), such as lipoproteins, exomeres and supermeres, further extend the diversity of particles released by cells (Neuspiel et al., 2008; Nabhan et al., 2012; Jeppesen et al., 2023; Figure 1). Since the assignment of EVs to specific subtypes requires definitive demonstration of their biogenesis pathways, with corroborative minimal experimental requirements, the International Society of Extracellular Vesicles (ISEV) recommends use of “extracellular vesicle” as the generic term for particles released by cells that are enclosed by a lipid bilayer (Welsh et al., 2024). For further specificity, operational terms to characterize EV types, including descriptions of size and physical characteristics, biochemical composition and cell of origin, can be used (Welsh et al., 2024). In this review, we use the terms “exosomes” or “EVs” interchangeably as appropriate to discussions of vesicle functions or as reported by the studies discussed.
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FIGURE 1
Current overview of the heterogeneity and biogenesis pathways for extracellular vesicles (EVs) and non-vesicular nanoparticles (NVEPs), highlighting key protein markers, potential cargo components, and size ranges. ARM, arrestin domain-containing protein 1-mediated. Created with BioRender.com.


Exosomes form by inward budding of the endosomal membrane to create multivesicular bodies (MVBs) containing intraluminal vesicles (ILVs). This formation is regulated by endosomal sorting complex required for transport (ESCRT) proteins, including CD9, CD63, and CD81, as well as ESCRT-independent mechanisms (Colombo et al., 2014; Thompson et al., 2016). MVBs fuse with the cell membrane, or first with autophagosomes to form amphisomes, through a tightly regulated process, which is followed by the release of ILVs as exosomes into the extracellular space and circulation (Colombo et al., 2014; Hornung et al., 2020; Ganesan and Cai, 2021; Figure 1). Exosomes carry a diverse collection of lipids, proteins and nucleic acids, which are present in their lipid bilayer or lumen, and are released in greater numbers following cellular activation and/or stress (Colombo et al., 2014; Thompson et al., 2016). Moreover, the molecular content of exosomes reflects the biological state of the cell of origin and may, therefore, provide insight into the phenotypic changes occurring in tissues affected by disease processes (Colombo et al., 2014; De Toro et al., 2015; Thompson et al., 2016). Exosomes are taken up by other cells and deposit their molecular content through endocytic mechanisms or direct fusion with the plasma membrane (Colombo et al., 2014). This deposition of bioactive material into recipient cells makes exosomes key intercellular messengers that regulate processes such as immune responses, wound healing, tissue regeneration and disease processes such as tumor progression (Colombo et al., 2014; De Toro et al., 2015; Thompson et al., 2016; Hettich et al., 2020; Hornung et al., 2020; Wan et al., 2022). While exosomes have the potential to interact with any cell type, there is no consensus regarding the natural targets of specific exosome populations or the main mechanisms of uptake by recipient cells and subsequent intracellular content delivery (Mathieu et al., 2019). It has recently been demonstrated that, at physiologic doses, EV-mediated surface protein signaling has a more potent effect on recipient cells than EV cargo, suggesting that cell surface signaling may represent the primary mechanism of EV-mediated effects on target tissues (Hagey et al., 2023). However, given the established effects of deposited EV cargo on intracellular processes (Zhao et al., 2016; Hermann et al., 2024), further work is needed to clarify the influence of different EV-cell interactions on recipient cell responses.

The regulatory role of exosomes and other EVs in the central nervous system (CNS) consists of maintaining myelination, glial cell function, neuronal trophic support and synaptic plasticity by mediating communication among cells (Budnik et al., 2016; Thompson et al., 2016). In neurodegenerative disorders, including Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple system atrophy (MSA), amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), and Creutzfeldt-Jakob disease (CJD), the precise functions of exosomes have been under investigation. They have been shown to play both neurodegenerative and neuroprotective roles in these pathologies. In AD, exosomes from neurons and glial cells disseminate pathogenic amyloid-β and tau proteins, promoting their aggregation and disruption of vital neuronal processes including axonal transport (Rajendran et al., 2006; Dinkins et al., 2014; Joshi et al., 2014, 2015; Liu et al., 2019). Exosomes have also been suggested to counter neuronal loss through transmission of neuroprotective factors and parallel uptake of their pathogenic protein content by microglia (Yuyama et al., 2012, 2014; Malm et al., 2016). In PD and MSA, exosomes contribute to the dissemination and aggregation of misfolded α-synuclein and have been implicated in defective endosomal-lysosomal protein transport underlying neuronal loss (Lee et al., 2005; Emmanouilidou et al., 2010; Danzer et al., 2012; Grey et al., 2015; Ngolab et al., 2017; Teixeira et al., 2021; Mavroeidi et al., 2022). As in AD, exosomes may also confer neuroprotection in PD by transferring misfolded proteins and toxins from neurons to glial cells for degradation and supporting neuronal metabolic activity (Lee et al., 2008; Tomlinson et al., 2015). In FTD and ALS, TDP-43 has been shown to be deposited into cells and removed via exosomes (Nonaka et al., 2013; Feiler et al., 2015; Iguchi et al., 2016). SOD1, another pathogenic protein found in patients with ALS, is also misfolded and disseminated among cells via exosomes (Gomes et al., 2007; Grad et al., 2014). In CJD, exosomes are known to carry pathogenic PrPSc protein, implicating them in the accumulation and propagation of misfolded prions (Fevrier et al., 2004; Vilette et al., 2015; Guo et al., 2016; Hartmann et al., 2017; López-Pérez et al., 2021). Thus, exosomes have pathologic and protective functions in neurogenerative conditions, which continues to be an active area of investigation. The roles of exosomes in demyelinating diseases such as multiple sclerosis (MS) and neuromyelitis optica spectrum disorder (NMOSD), however, remain poorly characterized. These diseases involve both peripheral immune mechanisms leading to inflammatory demyelination and, in the case of MS, to secondary neurodegenerative processes (Nylander and Hafler, 2012; Bermel, 2017; Ponath et al., 2018; Wingerchuk and Lucchinetti, 2022). Some studies suggest that CNS and immune cell-derived exosomes promote immune cell infiltration and demyelination (Jy et al., 2004; Verderio et al., 2012; Xie et al., 2023), but these potential roles require additional substantiation.

Central nervous system-derived exosomes cross the blood–brain barrier (BBB) and enter the blood, providing an easily accessible window into cellular processes of the brain and spinal cord (Budnik et al., 2016; Chen et al., 2016; García-Romero et al., 2017). They can be isolated from blood based on size properties and surface markers indicating the cell type of origin (Chen et al., 2022). Analysis of these cell type-specific exosomes can identify disease-driven molecular changes that are otherwise obscured by measurements from exosomes released by other organ systems. Thus, CNS-originating exosomes and their content may present highly sensitive and specific, blood-based biomarkers of neurodegenerative diseases, for which precise means of quantifying underlying pathological processes are lacking (Gómez-Río et al., 2016). Research on EVs as markers of CNS pathologies has been influenced by investigations of EVs in cancers, which present a similar need to capture disease-specific cellular processes for accurate diagnostics and treatment monitoring (LeBleu and Kalluri, 2020). Explorations of blood-based, EV-derived markers for neoplasms have already identified highly specific and sensitive proteomic and transcriptomic signatures that reliably detect and classify multiple cancer types (Melo et al., 2015; Hoshino et al., 2020; Wang et al., 2022). Concurrently, putative EV biomarkers of neurodegenerative diseases have already been isolated from blood and cerebrospinal fluid (CSF) by many groups. Thus, quantification of CNS-originating exosomes and their molecular cargo presents a promising opportunity to discover new biomarkers of neurologic conditions and treatment response to improve on clinical assessments of disease. It should be noted that in addition to their potential as biomarkers, exosomes and other EVs are a promising therapeutic modality for neurodegenerative conditions (Hermann et al., 2024). The multimodal actions of specific cell type or lineage-derived EVs on recipient tissue, including modulation of gene expression, immune responses, cell metabolism and neuron-glia interactions, makes EVs potent mediators of neurologic recovery. Their therapeutic effects have already been demonstrated in mouse and non-human primate neurologic disease models, where they enhanced neuronal plasticity, angiogenesis and mitochondrial stability following disease onset or injury (Doeppner et al., 2015; Medalla et al., 2020; Peruzzotti-Jametti et al., 2021). Given the diverse signaling mechanisms involved in EV-based therapies, successful application of EVs to human subjects necessitates the determination of optimal cells of origin and isolation protocols to deliver specific molecular content (e.g., surface and luminal proteins, RNAs) tailored to the pathology of interest (Medalla et al., 2020; Wang et al., 2020). Moreover, the optimal route of administration (e.g., intravenous versus intracerebroventricular) of isolated EVs must be determined based on their known biodistribution, mechanisms of action (e.g., effects on peripheral versus CNS cells) and procedural risks, given that EVs may not cross the BBB in large enough quantities to exert direct effects on the CNS (Hermann et al., 2024). This process would benefit from minimally invasive measurements of treatment response, including molecular signatures from blood CNS cell type-derived exosomes.

In the following sections, we provide an update on recent progress made toward identifying protein and RNA biomarkers of neurodegenerative diseases and MS from CNS-derived exosomes.



CNS cell-derived exosomes as biomarkers of neurodegenerative diseases

Current diagnostics and monitoring of neurodegenerative diseases are limited to clinical assessments, costly imaging techniques, such as magnetic resonance imaging (MRI) and positron emission tomography (PET) scans, and invasive lumbar punctures for CSF analysis (Gómez-Río et al., 2016; Hansson, 2021; Younas et al., 2022). As such, blood-based biomarkers are needed to improve the ease, cost and precision of these assessments. Novel peripheral biomarkers have utility beyond diagnostics and can be harvested as predictive, prognostic and disease progression measures at different clinical stages of neurodegenerative disorders. In addition, they may be of utility in clinical trials to pre-select patients based on marker activity and to monitor therapeutic efficacy. Development of blood-based markers has met the challenge of variable findings and poor correlation with disease burden measured by current CSF or imaging markers. This likely reflects the compartmentalization of key pathogenic processes to the CNS via the BBB (Zetterberg and Schott, 2019; Ashton et al., 2020). Therefore, the ability of exosomes released by CNS cells to cross the BBB presents an opportunity to discover markers of CNS-specific disease processes directly from patient blood. Moreover, work is needed to determine whether CNS-derived exosomes in the blood represent a different population from those in the CNS parenchyma and CSF, which will help establish the specificity of putative exosomal markers. As with other biomarkers for neurodegenerative diseases, the use of exosomes to diagnose these conditions may pose ethical challenges, given their potential to identify these conditions in both pre-clinical and clinical stages in the absence of effective or accessible therapies. In the following subsections, we discuss progress toward the development of diagnostic neuron and glial cell-derived exosomal markers of neurodegenerative conditions.


Neuron-derived exosomes

Neuron-derived EVs and their protein content have successfully been isolated from the blood of patients with neurodegenerative conditions by multiple groups. Notably, Goetzl et al. (2015a,b) pioneered the analysis of neuron-derived exosomes from the plasma and serum of subjects with AD, PD, FTD, and healthy controls (Shi et al., 2014, 2016; Fiandaca et al., 2015). They established techniques for the isolation of neuronal exosomes though immunoprecipitation with antibodies against axonal marker L1CAM and cell adhesion protein NCAM. Of note, L1CAM, NCAM and most CNS cell type markers are expressed by multiple other cell types in the periphery (Uhlen et al., 2010), suggesting that blood EVs isolated by these groups are enriched for but not exclusively CNS cell-derived EVs. These studies and subsequent investigations of neuron-derived EVs in various neurodegenerative conditions have been reviewed more extensively elsewhere (Hornung et al., 2020; Liu et al., 2022; Dutta et al., 2023; Wang et al., 2023; Xu et al., 2024).

Importantly, these studies revealed specific protein signatures in blood-derived, L1CAM-positive EVs for AD, PD, atypical Parkinsonian syndromes and FTD. In AD patients, significant elevations of amyloid-β-peptide (Aβ)42 and phosphorylated tau as well as differential levels of lysosomal and synaptic proteins were reported in blood-derived L1CAM-positive exosomes compared to healthy controls, with high predictive power for development of AD and correlation with CSF levels (Fiandaca et al., 2015; Goetzl et al., 2015a,b, 2016a; Winston et al., 2016; Jia et al., 2019). In PD patients, α-synuclein and tau from blood-derived L1CAM-positive exosomes were elevated compared to healthy controls, correlating with CSF levels and disease severity (Shi et al., 2014, 2016; Zhao et al., 2019). Moreover, α-synuclein from neuronal exosomes was higher in MSA compared to PD and could reliably distinguish these diseases when used in combination with α-synuclein levels in oligodendroglial exosomes (Dutta et al., 2021; Taha et al., 2023). Recently, Meloni et al. (2023) showed that L1CAM-positive neuronal EVs contained elevated levels of oligomeric α-synuclein in PD compared to atypical Parkinsonian syndromes while Tau aggregates showed the opposite trend, demonstrating good classification power for PD, progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD). Of note, most of these studies were case-control or cross-sectional in design, often with fewer than 50 patients per study group and without separate validation cohorts or follow-up investigations utilizing larger sample sizes. Thus, the validity of these proposed markers and their temporal relationship with different stages of disease remain to be determined.

There has been debate concerning the presence of L1CAM on the surface of EVs, given multiple processed forms of the protein and recent evidence showing that L1CAM is not associated with EV fractions from plasma and CSF (Norman et al., 2021). Other groups that attempted to isolate L1CAM-positive EVs from plasma demonstrated that EVs indeed expressed L1CAM (Dutta et al., 2021, 2023; Gomes and Witwer, 2022; Aguilar et al., 2023). Thus, there is conflicting evidence regarding the presence of L1CAM on EVs and whether or not it can reliably be used as a marker of neuron-derived EVs (Gomes and Witwer, 2022). Most studies to date have not utilized other markers to isolate neuron-derived EVs in parallel to L1CAM-positive EVs for direct comparison of their molecular cargos. Such efforts, in addition to quantification of putative markers in L1CAM-positive EVs from CSF and brain tissue, would clarify the neuronal specificity L1CAM and if multiple distinct populations of neuron-derived EVs exist. Several groups have recently employed high-throughput methods of analyzing the protein content of neuron-derived EVs from patient blood using Tandem Mass Tag-based quantitative proteomics or liquid chromatography-tandem mass spectrometry. Zhong et al. (2021) showed that complement component 7 (C7) and Zyxin (ZYX) were significantly increased and decreased, respectively, over the course of progression from mild cognitive impairment (MCI) to AD, as corroborated using a larger, independent cohort. Upon further validation, these two markers could present a promising means to evaluate cognitive decline prior to AD onset. Arioz et al. (2021) identified an increase in hemoglobin proteins in L1CAM-positive exosomes of 20 AD patients compared to 23 healthy controls. Anastasi et al. (2021) identified 23 proteins related to PD, including those of the ubiquitin-proteasome system, DJ-1/PARK7, Clusterin, Amyloid P component, Gelsolin, and CXCL12, which have previously been reported as candidate circulating biomarkers of PD (Zhao et al., 2019; Jiang et al., 2020). However, this study analyzed only four PD patients and four healthy controls as proof-of-concept for a novel immunoplate-based method of isolating L1CAM-positive EVs following serial centrifugation, thus requiring further validation (Anastasi et al., 2021).

The RNA content of neuron-derived EVs has also been under investigation. Of note, while there is a wealth of studies measuring RNA in total EVs from the blood of patients with neurodegenerative diseases, as discussed elsewhere (Liu et al., 2019, 2022; Sproviero et al., 2022; Bagyinszky et al., 2023; Dutta et al., 2023; Xu et al., 2024), there are fewer studies for neuronal and other CNS-derived EVs (Cha et al., 2019; Banack et al., 2020, 2022; Serpente et al., 2020; Zou et al., 2020; Durur et al., 2022; Li et al., 2022a,b; Pounders et al., 2022; Aguilar et al., 2023; Dunlop et al., 2023). This likely reflects poor reproducibility of RNA findings from total plasma, serum and CSF EVs due to unstandardized EV isolation techniques, use of different downstream RNA measurement techniques and variations in the patient populations studied (Liu et al., 2022; Dutta et al., 2023). Still, some newer studies have reported RNA signatures from neuron-derived EVs in AD, PD, FTD, and ALS.

Durur et al. (2022) utilized RNA sequencing to analyze L1CAM-positive EVs in AD compared to healthy control patients, reporting 10 differentially expressed miRNAs between the two groups and high diagnostic utility of let-7e-5p. Pounders et al. (2022) also applied RNA sequencing to L1CAM-positive plasma EVs, showing that miRNA-122 and miRNA-3591 were downregulated in AD compared to healthy controls and FTD, while miRNA-181c was downregulated in FTD compared to healthy controls. Moreover, they demonstrated high congruence between plasma and CSF-derived L1CAM-positive EVs using paired samples, supporting that the cargo of neuron-derived EVs in blood reflects CNS-intrinsic processes (Pounders et al., 2022). Serpente et al. (2020) analyzed miRNA from L1CAM-positive plasma neuronal EVs from AD patients and healthy controls using high-throughput polymerase chain reaction (PCR), showing upregulation of miR-23a-3p, miR-223-3p and miR-190-5p, and downregulation of miR-100-3p in AD compared to controls. Moreover, miR-23a-3p, miR-223-3p and miR-100-3p were not significantly dysregulated in the total plasma EV population, while miR-190a-5p was only detected in neuronal EVs, supporting the ability of cell type-specific EVs to uncover molecular changes intrinsic to the CNS (Serpente et al., 2020). Zou et al. (2020) demonstrated that Linc-POU3F3 was upregulated in L1CAM-positive plasma neuronal exosomes of PD patients compared to healthy controls, positively correlating with PD severity. Aguilar et al. (2023) reported a panel of 29 differentially expressed small RNAs in PD compared to matched healthy controls, several of which have previously been implicated as circulating biomarkers of PD or detected in PD brain tissue. These studies used various methods for isolating neuron-derived EVs and quantifying their RNA content, with substantial variability in sample sizes and findings, necessitating validation with a standardized approach.

From ALS patients, Banack et al. (2020, 2022) isolated plasma L1CAM-positive neuronal EVs and demonstrated a highly reproducible signature of eight dysregulated miRNAs compared to healthy controls through repeated studies, with up to 50 ALS and 50 healthy control samples. They showed significant differences in the expression of these eight miRNAs among total, L1CAM-positive and L1CAM-negative EV populations, supporting that enrichment for neuron-derived EVs contributes to the reproducibility of their miRNA signature (Dunlop et al., 2023). Of note, these miRNA findings do not align with results from an earlier high-throughput microarray analysis of plasma L1CAM-positive EVs in ALS, possibly due to the smaller sample size and EV isolation by gradient centrifugation versus polymer-based precipitation used in the earlier study (Katsu et al., 2019).



Glial cell-derived exosomes

Compared to neuron-derived EVs, there have been fewer investigations of blood-based, glial-derived EVs for markers of neurodegenerative conditions, as summarized extensively elsewhere (Hornung et al., 2020; Dutta et al., 2023; Wang et al., 2023). Initial studies of astrocyte-derived EVs from plasma by Goetzl et al. (2016b,2018) analyzed the protein content of GLAST-positive exosomes. They notably demonstrated that BACE-1, soluble amyloid precursor protein (sAPP)β, multiple complement proteins and the inflammatory cytokines IL-6, TNF-α, and IL-1β were significantly higher in astrocyte-derived exosomes from patients with AD than controls, while Aβ42, GDNF, septin-8, and complement regulatory proteins were downregulated (Goetzl et al., 2016b,2018). Higher levels of proteins, including BACE-1, γ-secretase and sAPPβ, were found in astrocyte versus neuron-derived exosomes in AD, FTD and control samples (Goetzl et al., 2016b). Importantly, these findings have demonstrated molecular profiles enriched in astrocytic exosomes in AD but have not been supported by validation using larger patient cohorts, as with the discussed findings in neuron-derived EVs.

Several studies have also investigated blood-based, glial-derived EVs in PD and related disorders. Dutta et al. (2021) demonstrated that α-synuclein levels in myelin oligodendrocyte glycoprotein (MOG)-positive oligodendrocyte and L1CAM-positive neuron-derived exosomes from blood could together distinguish MSA from PD with high sensitivity and specificity (Taha et al., 2023). Yu et al. (2020) had previously isolated CNPase-positive oligodendrocyte-derived EVs from plasma, demonstrating significantly lower concentrations of these EVs in MSA compared to PD and healthy controls. Interestingly, they did not observe different levels of α-synuclein among these groups, unlike Dutta et al. (2021, 2023), which may be attributable to the different oligodendrocyte EV populations isolated (Yu et al., 2020). Nevertheless, oligodendrocyte-derived EVs are of particular interest in MSA, where α-synuclein predominantly accumulates in oligodendrocytes (Beyer and Ariza, 2007). Ohmichi et al. (2019) quantified the plasma levels of GLAST-positive, oligodendrocyte-myelin glycoprotein (OMG)-positive and SNAP25-positive astrocyte, oligodendrocyte and neuron-derived exosomes, respectively, from PD, MSA, PSP, and healthy control patients. They reported that oligodendrocyte and astrocyte-derived exosome levels were higher in early PD stages compared to healthy controls and increased at a more advanced stage. Moreover, the ratio of astrocyte and oligodendrocyte-derived exosomes to neuron-derived exosomes correlated significantly with PD severity, while the levels of oligodendrocyte-derived exosomes and their ratio with neuron-derived exosomes correlated with motor disability in MSA with predominant parkinsonism (Ohmichi et al., 2019). Together, these studies support that the cargo and quantity of astrocyte and oligodendrocyte-derived EVs from blood are candidate markers for PD and related disorders.

Recently, Kumar et al. (2023) showed significant dysregulation of multiple miRNAs in plasma-derived, TMEM119-positive microglial EVs among patients with AD, MCI conversion to AD (MCI-AD) and MCI compared with those of normal cognition. Notably, miR-29a-5p was decreased in AD, MCI-AD, and MCI compared with the normal controls, while miR-106b-5p and miR-132-5p were increased among AD and MCI-AD patients. Moreover, miR-132-5p and miR-125b-5p, which have previously been shown to regulate microglial activation as well as cytokine and chemokine release, were able to predict AD (Kumar et al., 2023). To our knowledge, there are no other recent studies on RNA markers from blood-derived, glial cell EVs for AD, PD, and other neurodegenerative disorders. As summarized above, exploration of RNA in CNS-derived EVs has focused on neuron-derived EVs, likely due to the primary role that neuronal dysfunction and death play in these pathologies. However, glial cells, including astrocytes, have an increasingly appreciated role in these disorders (Bhandarkar et al., 2023), meriting future investigation of the RNA content of glial cell EVs.




CNS cell-derived exosomes as biomarkers in multiple sclerosis

Work on CNS-originating peripheral blood EVs has extended to finding markers of MS to assess disease progression and response to treatment. Currently, secondary progressive MS (SPMS) is monitored through clinical assessments and MRI. The increasing number of drug trials and use of approved medications for SPMS face a need for easily accessible, peripheral biomarkers to monitor response to treatment (Mallik et al., 2014; Kappos et al., 2018; Behrangi et al., 2019). Progressive MS is thought to be driven by chronic glial cell activation and concomitant neurodegeneration (Rissanen et al., 2018; Kaunzner et al., 2019; Gillen et al., 2021). Thus, glial cell-derived blood exosomes present an opportunity to develop an objective measure of MS disease activity, while neuron-derived exosomal markers may primarily reflect the degree of subsequent neuronal damage (Kaunzner et al., 2019; Gillen et al., 2021; Thebault et al., 2022). Changes in glial cell activity and the degree of neuronal loss captured by these exosomes can be used to both monitor responses to therapies and identify predictive markers of treatment response for individualized disease management. Studies to date on protein and RNA biomarkers of MS from blood and CSF-derived EVs have focused predominantly on total EVs, as reviewed extensively elsewhere (D’Anca et al., 2021; Selmaj et al., 2022). While the small number of patients examined limit these studies, the predictive power of reported markers from total exosomes suggests that pathologic changes in CNS resident cells are reflected in their cargo.

Bhargava et al. (2021) have isolated GLAST-positive and L1CAM-positive astrocytic and neuronal EVs, respectively, from the plasma of patients with RRMS and progressive disease as well as healthy controls. The authors reported significantly lower levels of synaptopodin and synaptophysin in neuronal EVs from both RRMS and progressive MS patients compared to controls, as well as increased levels of multiple complement cascade components in astrocytic EVs from MS patients compared to controls. Moreover, this significant difference in complement components was not present in total EVs, and there was a strong inverse correlation between neuronal EV synaptic proteins and multiple astrocyte EV complement components (Bhargava et al., 2021). These findings support that analysis of CNS-derived exosome populations can reveal cell type-specific processes and associated biomarkers that are not apparent in total exosomes. From RRMS patients, Mazzucco et al. (2022) isolated plasma EVs originating from CNS endothelial cells based on co-expression of myelin and lymphocyte protein (MAL) as well as the pan-endothelial markers CD31, CD105, or CD144, with exclusion of lymphocyte or platelet-derived EVs based on CD3 and CD41 expression. They showed a significant increase in the plasma concentration of CNS endothelial-derived EVs in RRMS patients with active disease not treated with disease modifying therapy (DMT), compared to stable RRMS patients and healthy controls. These findings demonstrate that levels of circulating EVs can serve as markers of disease in addition to their content. In cognitively impaired compared to cognitively preserved patients with RRMS and progressive disease, Scaroni et al. (2022) recently showed elevated miR-150-5p and reduced let-7b-5p levels in plasma-derived, Isolectin B4-positive microglial/macrophage EVs. However, these differences were not associated with progressive disease, and several study drawbacks, including small sample size and variable patient disease characteristics, limit the interpretation of these results (Scaroni et al., 2022). However, the identification of a miRNA signature related to both synapse function and cognitive deficits merits future characterization of microglial EVs for markers of progressive MS.



CNS cell-derived exosome isolation techniques and challenges

Multiple methods to isolate exosomes from patient plasma or serum have been utilized. The ISEV has published guidelines on reporting EV isolation and characterization approaches toward maximizing reproducibility of published results, given the heterogeneous methodologies utilized in EV studies to date (Welsh et al., 2024). More recently, to improve the reproducibility of blood EV research, the ISEV Blood EV Task Force extended these standards to blood, plasma and serum-derived EVs (Lucien et al., 2023). These methods include serial ultracentrifugation at increasing speeds, sucrose gradient centrifugation, polymer precipitation, immunoprecipitation and size-exclusion chromatography (Chen et al., 2022; Welsh et al., 2024).

In serial ultracentrifugation, plasma or serum samples are centrifuged at increasing speeds to sequentially remove cells, debris and larger vesicles until the desired EV populations are precipitated. Sucrose gradient centrifugation utilizes media of similar or lower density to the EVs of interest to isolate them by density or mass/size. In polymer-based precipitation, EVs are incubated with hydrophilic polymers that capture particles of interest by lowering their solubility, allowing for their subsequent collection via centrifugation. Immunoprecipitation utilizes antibodies immobilized onto solid matrices that bind to specific surface antigens on EVs of interest, which are then precipitated by centrifugation and eluted. In size-exclusion chromatography, EVs are passed through a stationary phase with resin that contains pores of a specific size, isolating particles of a desired diameter range based on retention time (Yang et al., 2020; Chen et al., 2022). It should be noted that none of these techniques can completely separate exosomes from other EVs. While several of these methods have been widely used over recent years, their ability to capture a high enough yield of CNS-derived EVs for molecular profiling remains a challenge, as neuron or glial cell-derived EVs alone comprise a small fraction of total circulating EVs (Hornung et al., 2020; Younas et al., 2022). Moreover, blood samples available often yield low volumes of plasma for EV purification.

Concerns over low yield from small starting volumes even apply to commonly used density-gradient ultracentrifugation, considered to be the gold standard of exosome isolation due to its high processing capacity, and to size-exclusion chromatography, which is often chosen due to its efficiency and relatively pure yield (Chen et al., 2022; Younas et al., 2022). Drawbacks of these methods include the large time requirement for centrifugation, contributing to decreased EV yield and integrity with repeated shear force, as well as high cost and inability to differentiate EV types when using chromatography. Moreover, such techniques lead to the co-isolation of NVEPs, which further compromises purity (Zhang et al., 2018; Jeppesen et al., 2019; Zhang Q. et al., 2023). Immunoprecipitation with antibodies against traditional ESCRT markers (e.g., CD63, CD9, and CD81) (Colombo et al., 2014; Thompson et al., 2016) presumably captures exosomes, but these markers have not been standardized and specific EV types and NVEPs can only be confirmed by definitive demonstration of their biogenesis pathways (Welsh et al., 2024). Moreover, total yield of EVs immunolabeled with ESCRT markers from serum or plasma is low, possibly attributable to the presence of these markers in different post-translationally modified forms and variable expression in exosomes and across samples (Hoshino et al., 2020; Mazzucco et al., 2022; Younas et al., 2022). Polymer-based methods of exosome precipitation have improved yield at the expense of purity and protein coating of exosomes and can be used prior to immunoprecipitation of cell type-specific exosomes (Goetzl et al., 2015a; Helwa et al., 2017; Dutta et al., 2021). While this approach has been widely employed, its performance in capturing desired EVs as compared to other means of isolating total EVs has not been tested.

Significant progress beyond standard ultracentrifugation and polymer-based isolation has been made in developing novel total exosome isolation methods. These methods include microfluidics, clustering-and-scattering (i.e., forming aggregates of EVs from plasma using a cationic polymer, followed by elution and purification of EVs from filtered aggregates), lipid-affinity based purification methods and antibody-conjugated nanowires, which have emerged as potential means to increase exosome yield from small volumes (Contreras-Naranjo et al., 2017; Lim et al., 2019; Kim et al., 2020; Younas et al., 2022; Weerakkody, 2024). qEV isolation (Izon Science) has emerged as an efficient, size-exclusion chromatography technique that yields high exosome quantities and purity compared to other commercially available methods, as validated by several studies using plasma and other biofluids (Stranska et al., 2018; Navajas et al., 2019; Almiñana et al., 2021; Veerman et al., 2021). In parallel, an automated exosome detection method via the ultrafast-isolation system (EXODUS) has been developed as a novel ultrafiltration technique to isolate exosomes from biofluids, with reported improvement in speed, cost, purity and yield compared to other exosome isolation methods (Chen et al., 2021). These new techniques require further assessment of their exosome yield and ease of implementation into clinical use.

Multiple methods can be employed to assess exosome yield and validate particle identity as well as cell type specificity. For exosome purity, commonly used methods include Western blots using antibodies against traditional ESCRT markers, as well as Nanoparticle Tracking Analysis (NTA) or Microfluidic Resistive Pulse Sensing (MRPS) to measure particle size and number. In addition to confirming the appropriate diameter and yield of isolated EVs, direct visualization of particle morphology and marker expression can be performed with transmission electron microscopy (TEM) and fluorescent immunolabeling under super-resolution microscopy (Lai et al., 2022). Cell type specificity of exosome populations can be demonstrated through enrichment of cell type markers (e.g., gamma-enolase for neurons, GFAP or AQP4 for astrocytes, and PLP for oligodendrocytes) using enzyme-linked immunosorbent assay (ELISA) and Western or dot blots (Hornung et al., 2020). Moreover, the molecular signatures of these peripherally isolated exosome populations can be compared to the same populations isolated from CSF and CNS tissue to further validate cell type specificity.

As discussed above, markers that distinguish different cell types within the CNS are typically expressed by multiple peripheral cell types. For instance, L1CAM is expressed not only by neurons, but also by melanocytes and cells of the urinary tract, whereas GLAST is expressed by astrocytes, platelets, epithelial cells and macrophages, among others (Uhlen et al., 2010). Thus, EVs that are identified through neuronal or glial cell markers in blood are enriched but not specific for these cell types. In contrast, oligodendrocyte-specific exosomes have been isolated by multiple groups using MOG, OMG, or CNPase antibodies (Ohmichi et al., 2019; Yu et al., 2020; Dutta et al., 2021). These markers are essentially exclusive to oligodendrocytes, although they are present at different stages of oligodendrocyte differentiation and may have varying availability on the surface of EVs (Trapp et al., 1988; Kuhn et al., 2019).

Isolating microglia-derived exosomes remains a challenge, as their defining homeostatic markers such as TMEM119 are downregulated in pathologies or expressed by other cell types (Prinz et al., 2017; Masuda et al., 2019; Jurga et al., 2020). Therefore, microglial exosomes are not easily distinguishable from those derived from peripheral monocytes, macrophages and other organ systems. Still, recent studies have demonstrated RNA and protein signatures in microglia-derived or enriched EVs isolated from patients with neurologic diseases. As discussed in the previous section, Kumar et al. (2023) characterized the miRNA content of TMEM119-positive EVs from the plasma of patients with AD and MCI. Several groups have isolated broader populations of microglial/macrophage EVs from blood or CSF, quantifying EV levels or their molecular content as relevant to the pathology of interest. Scaroni et al. (2022) identified a miRNA signature in Isolectin B4-positive microglial/macrophage EVs from the plasma of MS patients, identifying individuals with cognitive deficits, as summarized in the previous section. Guo et al. (2020) isolated CD11b-positive microglia/macrophage-derived exosomes from the CSF of PD and MSA patients as well as healthy controls, showing differential elevation of total and oligomeric α-synuclein among these groups, while Isolectin B4-positive microglial/macrophage EVs have been isolated from the CSF of MS patients to correlate EV levels with disease activity (Dalla Costa et al., 2021; Gelibter et al., 2021). Increased CNS specificity can be achieved with sequential immunoprecipitation using several cell type markers to eliminate non-CNS-derived exosomes expressing only one of the markers. However, such refinement may come at the cost of decreased exosome yield for downstream analysis. Another consideration is that expression of these markers can fluctuate with disease burden, as discussed above. Further work on how to reliably capture CNS-specific signatures is needed, possibly through novel cell type markers. The ability to capture CNS-originating exosome populations with precision may be enhanced by new single-vesicle and micro/nanofluidic isolation techniques, including droplet-based extracellular vesicle analysis (DEVA), which uses fluorescent microbead-based ELISA to capture single EVs of interest (Yang et al., 2022), track-etched magnetic nanopore (TENPO) sorting, which employs a chip with magnetic nanopores to capture immunomagnetically labeled EVs (Ko et al., 2018, 2020), and multiplexed antibody-based immunosequencing (Ko et al., 2021). These techniques have been reviewed more extensively elsewhere (Dutta et al., 2023).

Thus, current challenges in developing blood-based, CNS-derived exosome biomarkers include low yield of specific populations, uncertain CNS specificity of exosomes using standard neuronal and glial cell markers, and lack of protocol standardization for exosome purification and characterization. Comparisons among different approaches to isolating total exosomes from small volumes and subsequent purification of cell type specific populations will identify a method that produces the highest yield of CNS-derived exosomes while maintaining the highest specificity to the cells of interest. Given the precision, time and expertise required to minimize errors in this process, technical improvements are needed as a step toward maximizing reproducibility, minimizing variation between experimental batches and ultimately standardizing the optimal methodology.

Quantification of molecular content from exosome populations constituting a small fraction of total circulating exosomes and containing variable amounts of biologic material may pose a challenge even to sensitive techniques such as quantitative PCR (qPCR), RNA sequencing, proteomics approaches and ELISA. The detection threshold of available nucleic acid and protein expression assays, therefore, may be a limiting factor to development of these biomarkers, with potential inability to reproduce findings and non-specific detection of other circulating molecules (Chitoiu et al., 2020). RNA quantification technology continues to improve, with advances including methods targeted toward creation of reproducible RNA sequencing libraries from picogram amounts of total RNA from samples (SMARTer Stranded Total RNA-seq Kit – Pico Input Mammalian, Takara Bio) and nanotechnology techniques (Song et al., 2018, 2023). Moreover, sequencing results can be validated using digital PCR (dPCR) and droplet digital PCR (ddPCR), which offer more precision and reproducibility of measurements compared to standard qPCR for low starting levels of RNA (Vogelstein and Kinzler, 1999; Taylor et al., 2017). Ultrasensitive protein assay techniques such as electrochemiluminescence ELISA (ECLIA) and single-molecule array (Simoa) may also offer a more reliable means to quantify small amounts of proteins isolated from CNS-originating EVs (Song et al., 2013; Stefura et al., 2019).

If increased purity of cell type-derived exosomes comes at the expense of molecular yield and accurate quantification, then less specific populations will need to be analyzed. One solution is to compare the molecular signatures of broader blood exosome populations enriched for the cell type-derived exosomes of interest, using less CNS-specific markers, with those of the same populations isolated from paired CSF samples. Because of its relation to the CNS, the CSF likely contains exosomes that are predominantly of brain and spinal cord origin, providing the most CNS-specific population of exosomes outside of those isolated directly from CNS tissue. Thus, putative nucleic acid or protein markers from broader peripheral exosome populations that show the same pattern of dysregulation in CSF-derived exosomes can be said to reflect CNS-intrinsic changes, which can be validated using corresponding CNS tissue-derived exosomes if available. Moreover, the CNS origin and pathologic significance of putative markers can be demonstrated by visualization in specific activated neuronal or glial subtypes in tissue using RNA in situ hybridization and immunofluorescence techniques (Figure 2). While this may overcome the need to isolate highly specific exosome populations, the availability of CSF and tissue samples could present a challenge. Development of newer technologies such as high-throughput single-vesicle transcriptomics and proteomics may overcome most or all of these limitations.


[image: image]

FIGURE 2
Schematic of central nervous system (CNS) cell type-enriched exosome isolation from patient blood, and validation of putative biomarker cell type specificity with exosomes isolated from corresponding cerebrospinal fluid (CSF) and CNS tissue samples, as well as through visualization of the putative biomarkers in relevant cell subtypes directly in tissue. Created with BioRender.com.




Discussion

The ubiquitous release of exosomes by all cell types and reflection of parent cell phenotypes in their vesicular cargo suggests considerable potential for exosomes as a means of quantifying disease-specific processes. Moreover, the role of exosomes in mediating intercellular communication and spreading pathogenic material makes them ideal candidates for monitoring processes such as protein aggregation that underlie neurodegenerative pathophysiology.

In recent years, successful efforts to isolate and analyze CNS-derived EV populations from peripheral blood have further increased the appeal of exosomes as blood-based markers of CNS diseases. Multiple groups have demonstrated specific protein and RNA signatures from CNS-derived exosomes in AD, PD, and other conditions, thereby demonstrating the feasibility of this approach. At the same time, findings frequently vary among the discussed studies, especially for exosomal RNA content, and presumably due in part to the heterogeneity of methods for exosome isolation and molecular quantification, as well as variability in patient cohorts. Moreover, most results to date have not been replicated in large patient cohorts. As a result, numerous candidate markers have been reported, many of them intuitively plausible; however, their validity and reproducibility remain questionable.

While technical advances have allowed for characterization of CNS-specific exosomes from blood, commonly used purification strategies are costly, time-consuming and require expertise. Moreover, reliable quantification of exosome cargo can be limited by insufficient yield from small blood volumes, considering that CNS cell type-derived exosomes comprise only a small fraction of total circulating exosomes. Thus, strategies to optimize and standardize total and cell type-specific exosome retrieval as well as downstream molecular profiling techniques are needed. Novel exosome isolation techniques should be compared with commonly used methods such as ultracentrifugation and polymer-based precipitation in regard to blood-based, CNS cell type-derived exosome yield, reproducibility of downstream results using both high-throughput omics and targeted molecular assays such as qPCR and ELISA, and efficiency to select a protocol that can be applied universally to this field of research. Once a rigorously evaluated method of exosome isolation and characterization is established, current findings of candidate protein and RNA biomarkers from CNS-originating exosomes can be conclusively validated. Standardized validation steps for CNS cell type-derived exosome molecular signatures must be established and should ideally include evaluation of marker cell type specificity using the same exosome populations isolated from corresponding CSF and/or CNS tissue. Moreover, highly sensitive and precise assays for molecular quantification (e.g., ddPCR and ECLIA) should be employed to ensure reliable and consistent results. With reproducible findings, the performance of putative markers compared to standard clinical, laboratory and imaging tools for diagnosing and monitoring neurodegenerative diseases can be assessed in large-scale studies before approval for clinical use. Moreover, standardized methodology will allow markers of treatment response, including for EV-based therapies, to be developed and used by future clinical trials for novel neurodegenerative disease treatments. Thus, with appropriate optimization of protocols and validation of findings, blood-derived exosomes are poised to become precise markers of disease and potentially a practical means of quantifying neurologic processes associated with disease, which will enhance patient care and facilitate discovery of new therapies.
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